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controls have yet to be elucidated. We reported that ODCof NIH 3T3 cells and provides a model to investigate transformed NIH 3T3 cells displayed elevated levels of the underlying molecular mechanisms. These transformed epidermal growth factor receptor (EGFR) tyrosine kinase (Tyrcells, designated NODC cells, exhibit elevated levels of k) activity. Down-regulation of EGFR Tyr-k activity by the epidermal growth factor receptor (EGFR) tyrosine kinase pharmacological inhibitor tyrphostin-25 or by expression of a (Tyr-k) activity relative to control transfected cells and dominant negative EGFR mutant suppressed the transformed inhibition of EGFR Tyr-k activation suppresses the transgrowth phenotype of these cells (15) . Thus, ODC-induced formed growth phenotype of these cells. Thus, ODCtransformation of NIH 3T3 cells appears to be mediated, at induced transformation of NIH 3T3 cells appears to be least in part, by elevated signaling through the EGFR pathway. mediated, at least in part, by enhanced signaling through How ODC overproduction modulates EGFR Tyr-k activity is the EGFR pathway. Here we extend these studies by not known.
evaluating: (i) the effects on growth regulation of overex-
Aberrant activation or production of EGFR and its ligand pressing ODC in EGFR-deficient NIH 3T3 cells; (ii) the transforming growth factor α (TGFα) are strongly implicated potential role of TGFα in mediating the EGFR-dependent in the development and progression of neoplastic diseases transformation of NIH 3T3 cells by ODC. Disruption of (16, 17) . TGFα was discovered and purified on the basis of its EGFR-TGFα interactions either by deleting EGFR, by ability to promote transformation of normal cultured fibroblasts treatment with anti-TGFα neutralizing antibody or by (18) and most oncogene-transformed NIH 3T3 fibroblasts transfection with a TGFα antisense expression vector supoverproduce TGFα (19) . However, several types of rodent pressed acquisition of the full transformed growth phenofibroblasts, including NIH 3T3 cells, are not transformed by type. Specifically, the loss of contact inhibition and the the overproduction of either EGFR or TGFα alone, but capacity for clonogenic growth appear more dependent only when the receptor and ligand are co-overexpressed on EGFR-TGFα interactions than anchorage-independent (16, 17, 20, 21) ; a common condition in human tumors and growth in ODC-overexpressing cells. ODC overexpression tumor-derived cell lines (22) . ated expression of ornithine decarboxylase (ODC), the first key Greene (University of Pennsylvania, Philadelphia, PA). All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) with high glucose enzyme in polyamine biosynthesis, has long been intimately and 10% fetal bovine serum (FBS) (Life Technologies, Gaithersburg, MD) at 37°C in 5% CO 2 .
Cell transfections were performed by the standard calcium phosphate Abbreviations: DMEM, Dulbecco's modified Eagle's medium; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; FBS, fetal precipitation protocol (24) using the CellPhect transfection kit (Pharmacia LKB Biotechnology, Piscataway, NJ) according to the manufacturer's instrucbovine serum; ODC, ornithine decarboxylase; PBS, phosphate-buffered saline; TGFα, transforming growth factor α; Tyr-k, tyrosine kinase.
tions. NIH 3T3w cells were transfected with plasmid pβ-ODC and selected in DMEM with 10% FBS containing 400 µg/ml geneticin (Life Technologies). NODC-2 cells were co-transfected with either TGFα antisense expression plasmid pCMV-AS-TGF (a generous gift of Dr G.Filmus, University of Toronto, Canada) or control vector pRc/CMV and vector pMSG (Pharmacia LKB Biotechnology) for positive selection in DMEM with 10% FBS containing xanthine, hypoxanthine, aminopterin and mycophenolic acid as described (25). For either selection protocol, the medium was changed every 3 days for 2 weeks to remove dead cells. Some selected cells were isolated with cloning cylinders and the rest were pooled as a transfected population.
Tumorigenic growth assays
For contact inhibition assays, cells were seeded at 1ϫ10 5 per T-25 flask or 60 mm plate in DMEM with 10% FBS. Culture medium was replaced every 3 days for 2-3 weeks, at which time cells were washed with phosphatebuffered saline (PBS), fixed in methanol for 4 min, dried and stained with 6% Giemsa solution. Cells were then washed with distilled water, dried and photographed. For the TGFα neutralization studies, 5 µg/ml of anti-TGFα antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or mouse IgG (Sigma Chemical Co., St Louis, MO) was added 16 h after seeding and fresh antibody was added with each change of medium. Fig. 1 . EGFR Tyr-K activity levels of ODC-transformed NODC and control Anchorage-independent growth assays were performed in soft agar as transfected NLK cells. Cell extracts were incubated with anti-EGFR described (11). Briefly, cells were seeded at a concentration of 1ϫ10 3 cells/ antibody and the immunoprecipitates assayed for Tyr-k activity by 35 mm plate in DMEM supplemented with 18% FBS, 6.7 mM sodium measuring the transfer of 32 P from [γ-32 P]ATP to the synthetic polymer bicarbonate, 1.25 mM sodium pyruvate, 0.05 mM essential and non-essential L-Glu-L-Tyr (4:1). The results are expressed relative to the Tyr-k activity of amino acids, 2 mM glutamine, 0.1 mM serine, 0.15 mM asparagine, 10 U/ml control NLK-3 cells. Each value represents the mean Ϯ SEM. *Values penicillin, and 120 µg/ml streptomycin gelled with 0.3% agarose (SeaPlaque; differing significantly from those of NLK-3 cells (P Ͻ 0.05). FMC, Rockland, ME) over a 0.9% agarose underlayer containing 2.5 ml of conditioned medium and 4.5 ml of the above DMEM-enriched medium. Enriched medium (100 µl/plate) was added to each culture the day after with 0.5% bovine calf serum for 48 h. Fifty microliters of conditioned medium seeding and then every 4 days. Colonies were counted 2 weeks after seeding.
was incubated overnight with an equivalent volume of anti-TGFα monoclonal For clonogenic assays on plastic plates, 1ϫ10 3 cells/60 mm plate were antibody (1:4000 dilution; Santa Cruz Biotechnology) at 4°C. The amount of seeded in DMEM with 10% FBS. For TGFα neutralization studies, 5 µg/ml free antibody was measured by adding the sample to a TGFα-coated microtiter of anti-TGFα antibody (Santa Cruz Biotechnology) or mouse IgG (Sigmawell that was blocked with 7% non-fat milk and 0.5% bovine serum albumin. Aldrich, St Louis, MO) was added the next day. Cells were refed every 3
After an overnight incubation at 4°C, the plate was washed with PBS, incubated days with fresh medium and antibody. Colonies were counted after staining with biotinylated anti-mouse IgG (1:2000 dilution; Vector Laboratories) at as described above.
room temperature for 1 h, washed again and then incubated with avidin-EGFR activity assay biotin-alkaline phosphatase complex (1:1000 dilution; Vector Laboratories) at room temperature for 1 h. After final washings with PBS and then D buffer EGFR Tyr-K activity was determined by measuring the incorporation of 32 P (1% diethanolamine and 500 µM MgCl 2 ), 200 µl of p-nitrophenylphosphate into the synthetic polymer L-Glu-L-Tyr (4:1) from [γ-32 P]ATP as previously
(1 mg/ml) in D buffer was added to each well and the color intensity at described (15) . The results are expressed as pmol 32 P incorporated/mg protein.
405 nm was measured in an automated microtiter plate reader. Varying For TGFα induction, cell extracts were incubated with 10 nM TGFα for 15 concentrations of TGFα (Oncogene Research Products, Cambridge, MA) were min at 4°C before immunoprecipitation.
run concurrently as standards.
Western blot analyses
Exponentially growing cells were solubilized in lysis buffer (1% Triton XResults 100, 0.5% NP-40, 10% glycerol, 50 mM HEPES, pH 7.2, 100 mM NaCl, 1 mM Na 3 VO 4 , 1 mM PMSF, 10 µg/ml leupeptin, 10 µg/ml aprotinin and 544 EGFR Tyr-k activities in three ODC-transformed NIH 3T3 µM iodoacetamide) for 15 min at 4°C. The scraped lysate was clarified by subclones (NODC-2, -5 and -6) and control subclones (NLKcentrifugation at 1ϫ10 4 g for 10 min. For membrane and cytosol preparations, 2 and -3) were measured to determine whether the correlation the cell pellet was resuspended in homogenization buffer (50 mM HEPES, pH 7.2, 0.1 mM EDTA, 0.04% Brij 35, 4 mM dithiothreitol), sonicated for between ODC overexpression and EGFR Tyr-k activation was 10 s three times and centrifuged at 3ϫ10 4 g for 30 min at 4°C. The supernatant a common feature of independently derived NODC clones.
was recovered as the cytosol preparation. The pellet was resuspended in Figure 1 shows that EGFR Tyr-k activities were at least 3- Table I show that parental exposed to X-ray film. Signal intensities were quantitated using a Personal NIH 3T3w cells exhibited a greater capacity for anchorageDensitometer SI (Molecular Dynamics, Sunnyvale, CA). Several westerns were performed for each study utilizing multiple, independent cell extracts.
independent growth than control NLK-3 cells. Therefore, even though the total number of anchorage-independent colonies TGFα ELISA formed by NWODC cells was 78% of control NODC-2 cells, Conditioned medium was collected from cells established in culture in DMEM with 10% FBS for 2 days, washed twice with DMEM and cultured in DMEM the increase in colonies was 9-fold for NWODC compared 3) . a Cells in DMEM-enriched medium were seeded at a density of 1ϫ10 3 cells/ 35 mm plate in 0.3% agarose over a 1 ml layer of 0.9% agarose.
b Cells in DMEM ϩ 10% FBS were seeded at a density of 1ϫ10 5 cells/T-25 flask (n ϭ 3). b Cells in DMEM ϩ 10% FBS were seeded at a density of 1ϫ10 5 cells/T-25 flask.
c ND, not determined. c Significantly different from NODC-2 cells (P Ͻ 0.001).
Fig. 3. Western blot analysis of TGFα protein levels in NODC-asT cells. Extracts of NLK-3 and NODC-2 cells and NODC-2 cells stably transfected
with an antisense TGFα expression plasmid (NODC-asT) were fractionated on the same 15% SDS-PAGE gel with mature TGFα peptide (5.6 kDa) included as a positive control. After transfer to PVDF membrane, the blot was incubated with mouse anti-TGFα and horseradish peroxidaseconjugated anti-mouse IgG. Afterwards, membranes were incubated with chemiluminescence reagent and exposed to film as described in Materials and methods. The lanes shown were from the same blot and the same exposure but were rearranged for presentation. Taken together, these results suggest that TGFα plays a role in the transformed growth of NODC cells and that a critical portion of the elevated EGFR Tyr-k activity detected in these with a 250-fold increase for NODC-2 cells. On the other hand, foci formation was not detected for either control NLK-3 or cells is ligand dependent. In a complementary approach, we evaluated the impact of NIH 3T3w cells. The number of foci formed by NWODC cells was 18% of those produced by NODC-2 cells. Thus, the TGFα antisense RNA expression on growth regulation of NODC-2 in vitro. NODC-2 cells were stably transfected with lack of EGFR interferes with at least two in vitro growth phenotypes associated with the ODC-induced transformation either pCMV-AS-TGF vector, which constitutively expresses TGFα antisense RNA from a CMV promoter (27), or control of NIH 3T3 cells.
We next focused on the role of TGFα in the deregulated vector pRc/CMV without insert. Selected transfected colonies, represented by clones NODC-asT and NODC-Rc, respectively, growth of ODC-transformed NIH 3T3 cells. We first determined the effect of disrupting EGFR and TGFα interactions were harvested and characterized. As shown by densitometric scanning of the representative western blot in Figure 3 , the with TGFα neutralizing antibody on the transformed growth of NODC-2 cells. In our hands, TGFα neutralizing antibody level of TGFα precursor protein (18 kDa) in NODC-asT cells is reduced by 50-66% compared with the levels detected in inhibits EGFR Tyr-k activity as well as incorporation of Table II show that the anti-TGFα antibody reduced the clonogenic detected in any of the NIH 3T3 variant sublines. The effect of lowered TGFα precursor production in NODC-2 cells was growth of NODC cells to 25% of untreated and IgG-treated cultures. In addition, non-ODC-transformed NODC cells grew correlated with decreased tumorigenic growth, as shown by Fig. 5 . Analysis of TGFα levels detected in NODC-2 and NLK-3 a Cells in DMEM-enriched medium were seeded at a density of 1ϫ10 3 cells/ conditioned medium. Exponentially growing cells were washed and the 35 mm plate in 0.3% agarose over a 1 ml layer of 0.9% agarose.
medium replaced with DMEM containing 0.5% bovine calf serum. Aliquots b Cells in DMEM ϩ 10% FBS were seeded at a density of 1ϫ10 5 cells/T-25 of medium were removed 48 h later and TGFα levels were determined by flask.
competitive ELISA. Medium alone was analyzed for background levels of c Significantly different from NODC-2 and NODC-Rc cells (P Ͻ 0.001).
TGFα. The concentration of TGFα is given as ng/ml medium. The values shown represent the means Ϯ SEM for each sample. *P Ͻ 0.05 compared with medium values and P Ͼ 0.05 compared with NLK-3 values.
by competitive ELISA. As shown in Figure 5 , TGFα is secreted into the medium by both NODC-2 and NLK-3 cells, however, the amount secreted by ODC-transformed cells is not statistically higher than that produced by control cells. This result was confirmed by a capture ELISA assay (data not shown).
Discussion
We have extended our previous findings that ODC-induced growth transformation of NIH 3T3 fibroblasts is mediated, in part, by signaling through the EGFR pathway (15) . The demonstration that EGFR Tyr-k activity is elevated in three of EGFR Tyr-k levels in the parental NIH 3T3 cell population. We also showed that NIH 3T3 cells lacking EGFR (NIH 3T3w cells) are not fully transformed by ODC overexpression. The the data in Table III . NODC-asT cells exhibited complete restoration of growth regulation by contact inhibition and a absence of functional EGFR interfered to a greater extent with the ODC-induced loss of contact inhibition than with the reduction in anchorage-independent growth of 60 and 66% compared with NODC-Rc and NODC-2 cells, respectively. acquisition of anchorage-independent growth. This may merely reflect the increased proclivity of NIH 3T3w cells for anchorSimilar to the results of experiments directly inhibiting EGFR, the perturbation TGFα-EGFR interactions appear to be more age-independent growth relative to NIH 3T3 cells from which these cells were derived over a decade ago. Alternatively, important to the loss of contact inhibition than to anchorageindependent growth of ODC-transformed NIH 3T3 cells.
ODC induction of anchorage-independent growth may be less dependent on EGFR activation than other parameters of cell A comparison of TGFα protein levels in NLK-3 and NODC-2 cells in Figure 3 suggests that ODC-induced transformation transformation, such as loss of contact inhibition or clonogenic growth. In support of the latter interpretation, NODC-2 cells of NIH 3T3 cells does not result in enhanced production of TGFα. However, the amount of TGFα on the cell membrane treated with TGFα neutralizing antibody or transfected with a TGFα antisense expression vector also reacquired 'normal' or secreted into the culture medium may be affected by ODC overexpression. We compared the levels of TGFα protein in growth control, as measured by the reversal of contact inhibition, clonogenic growth and anchorage-independent growth. the cytosol and membrane fractions of NLK-3 and NODC-2 cells by western blot analysis. Densitometric scanning of the Again, contact inhibition and clonogenic growth were more strongly correlated with TGFα levels than was anchoragerepresentative western blot in Figure 4 shows that there is no difference in the total amount of TGFα precursor or in the independent growth. These results may be explained by recent findings that TGFα appears to function at the point of growth relative levels of TGFα precursor in cytosolic or membrane fractions of non-transformed and ODC-transformed NIH 3T3 initiation, by moving non-cycling cells into the cell cycle, rather than by supporting the growth of already cycling cells fibroblasts. These results were supported by studies in which total TGFα levels were determined by immunoprecipitation (28). The transformed growth parameters displayed by NODC cells which most rely on cell cycle reinitiation, namely foci of radiolabeled TGFα from NLK-3 and NODC-2 cells incubated in medium containing [ 35 S]methionine (data not shown).
formation and clonogenic growth, are the parameters which are most dependent on EGFR/TGFα signaling. We conclude The levels of TGFα secreted by NLK-3 and NODC-2 cells into the culture medium over a 48 h period were quantitated from these and a previous study (15) that elevated signaling through the EGFR/TGFα pathway is necessary for ODC-EGFR Tyr-k activation is altered in these cells. We see no effect of ODC overexpression on any other EGFR signaling overexpressing NIH 3T3 cells to exhibit a fully transformed phenotype in vitro.
parameter examined, including: short-term TGFα production, secretion or localization; EGFR mRNA or protein levels; EGF Despite the critical role of TGFα in maintaining the transformed phenotype of NODC cells, ODC overexpression did binding levels. Moreover, if EGFR activation was directly regulated by ODC or its by-products, we would predict that not significantly alter the amount or localization of precursor TGFα within the cells or the level of mature growth factor EGFR Tyr-k activity levels should revert to normal levels when NODC cells are treated with low concentrations of secreted. These results differ from the reported effects on TGFα expression in NIH 3T3 cells transformed by a wide DFMO (50 µM) sufficient to return ODC to parental cell levels and to suppress in vitro transformed growth parameters variety of viral oncogenes and protooncogenes (19) . NIH 3T3 cells transformed with v-Ki-ras, v-mos, v-fes, v-src, activated (15) . That this does not occur may be due to the typically slow response of polyamine metabolism to ODC modulation c-met and c-trk all secreted 5-to 10-fold higher levels of TGFα protein than control NIH 3T3 cells. In addition, there (31) or to an indirect effect on EGFR signaling. Faaland et al. (32) showed that exogenous polyamines modulated EGFR was a concomitant 75-95% reduction in 125 I-labeled epidermal growth factor (EGF) binding to these transformed cells comTyr-k activity in intact A431 cells 16-24 h after treatment, but did not influence EGFR levels, EGF binding activity or directly pared with parental cells, possibly reflecting enhanced internalization of ligand-receptor complexes. However, the interact with membrane bound EGFR. They postulated that polyamines may act indirectly to modulate EGFR, possibly by link between oncogenic transformation and elevated TGFα expression was uncoupled in two cases. SV40-transformed regulating phosphatases, which in turn are important regulators of EGFR function. Further experiments are required to deter-NIH 3T3 cells, like NODC-2 cells, did not produce significantly higher levels of TGFα and a morphologically flat Ki-ras mine whether phosphatases or other signaling components are responsible for the cooperative activation of EGFR required cellular revertant produced as much TGFα as the fully transformed Ki-ras NIH 3T3 cells. Thus, elevated TGFα expression for the full transformation phenotype exhibited by NIH 3T3 cells overexpressing ODC within physiologically relevant is a common feature of the oncogenic transformation of NIH 3T3 cells, but is not obligatory. The dependence on TGFα levels. production for maintaining transformed growth phenotypes was not evaluated in this panel of oncogene-transformed NIH
